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Abstract: Objective To explore the association between mixed exposure to low concentrations of heavy metals (cadmium,
lead, mercury) and bone density, as well as the mediating effects of alkaline phosphatase (ALP), bone—specific alkaline phos-
phatase (BAP), parathyroid hormone (PT), calcium (Ca), and phosphorus (P). Methods A cross—sectional study was conducted
based on NHANES survey data, including a total of 1 465 participants. Polynomial logistic regression was used to analyze re-
lated risk factors, and Bayesian Kernel Machine Regression (BKMR) was employed to assess the impact of mixed exposure to
cadmium, lead, and mercury on bone density. The mediation effects of ALP, BAP, PT, Ca, and P in the relationship between
exposure to cadmium (Cd), lead (Pb), mercury (Hg), and bone density were analyzed using the Mediation package in R soft-
ware (Bootstrap method). Results The results of polynomial logistic regression indicated that the risk of bone loss increased at
the third quartile (T3) of Cd concentration (OR=1.56, 95%CI: 1.08-2.26); the risk also increased at the second quartile (T2)
of Pb concentration (OR=1.49, 95%CI: 1.06-2.08). Conversely, the risk of osteoporosis decreased at T3 of Hg concentration
(OR=0.38, 95%CI: 0.15-0.94). BKMR model analysis revealed that increased concentrations of cadmium, lead, and mercury
were associated with a decrease in bone density scores (T—score), with posterior inclusion probabilities for Cd, Pb, and Hg
being 1, 1, and 0.47, respectively. Mediation analysis showed that Cd influenced bone density through the mediating effects
of ALP and Ca, with mediation proportions of —=32.3% and —64.9%, respectively. Hg affected bone density through the medi-
ating effects of ALP and BAP, with mediation proportions of 7.3% and 61.8%. Pb influenced bone density through the medi-
ating effects of ALP, BAP, and PT, with mediation proportions of 38.9%, 97.6%, and 1.5%, respectively. Conclusion There is
a negative correlation between low concentrations of mixed exposure of cadmium, lead, and mercury and T-score, and the

mediating effects of ALP, BAP, PT, and Ca are statistically significant.
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Table 2 The association between heavy metals (cadmium, lead, mercury) and the risk of osteopenia/osteoporosis analyzed by polynomial

logistic regression model (n=1 465)

LR MRS B /s KM IEAEL OR 8 (95%CI) FEIEAETY OR {E(95%CI)

(n=1465)  (pgdl) b/ EFEE B> P& B BTG PA BB P B BTG P

Cd LA G 890/513/62 1.40(1.06 ~1.86) 0.019 2.40(1.24 ~4.65) 0.009 1.26(0.86~1.85) 0.236 1.27(0.47~3.42) 0.639
T1(<0.68) 298/138/11 1.00(reference) 1.00( reference ) 1.00(reference ) 1.00( reference )

T2(0.68 ~1.03) 299/182/22 1.38(1.05~1.82) 0.023 2.08(0.99 ~4.40) 0.055 1.26(0.90~1.76) 0.173 1.44(0.59~3.54) 0.429
T3(>1.03)  297/193/29 1.51(1.14~1.99) 0.004 2.86(1.39~5.90) 0.004 1.56(1.08~2.26) 0.018 2.05(0.77 ~5.47) 0.150
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T2(0.82 ~ 1.16) 307/169/24 0.89(0.68 ~1.16) 0.384 0.89(0.50~1.59) 0.692 0.88(0.65~1.19) 0.401 1.02(0.50~2.07) 0.958
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Figure 1 The effects of mixed exposure to heavy metals (Cadmium, lead, mercury) on T—score in adults analyzed by BKMR model
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Table 3 Mediating effect (95%CI)

HHAU

A LB (%)

R A R ¢
Cd ALP -0.007(-0.018 ~ 0.000)"
BAP 0.009(-0.002 ~ 0.020)
PT 0.002(-0.004 ~ 0.010)
Ca -0.014(-0.029 ~ 0.000)"
p -0.000(-0.010 ~ 0.010)
Hg ALP -0.005(-0.013 ~ 0.000)"
BAP -0.018(-0.031 ~ -0.010)"
PT -0.003(-0.008 ~ 0.000)
Ca -0.003(=0.009 ~ 0.000)
p 0.000(0.003 ~ 0.000)
Pb ALP 0.019(0.004 ~ 0.040)
BAP -0.143(-0.202 ~ -0.090) ™
PT 0.018(0.005 ~ 0.040 )™
Ca 0.005(-0.000 ~ 0.010)
p -0.000(-0.008 ~ 0.010)

0.029(-0.047 ~ 0.100)
0.029(-0.042 ~ 0.100)
0.014(-0.064 ~ 0.090)
0.036(-0.039 ~ 0.110)
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-0.068(-0.143 ~ 0.000)
-0.011(-0.078 ~ 0.050)
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-0.071(=0.143 ~ 0.000)
-0.074(-0.149 ~ 0.000)
0.030(=0.054 ~ 0.110)
-0.004(-0.242 ~ 0.220)
-0.006(~0.113 ~ 0.100)
0.044(-0.035 ~ 0.120)
0.049(-0.029 ~ 0.130)

~32.3%(-228.7 ~ 205.0)
22.8%(-207.0 ~ 258.0)
11.8%(-89.5 ~ 108.0)
~64.9%(-480.3 ~ 307.0)
2.0%(-113.6 ~ 119.0)
7.3%(=5.3 ~ 48.0)
61.8%(-356.8 ~ 439.0)
3.0%(-1.8 ~ 10.0)
4.1%(-4.2 ~ 25.0)
0.1%(=7.1 ~ 10.0)
38.99%(-248.4 ~ 370.0)
97.6%(=792.2 ~ 827.0)
1.5%(-430.0 ~ 351.0)
10.0%(-55.6 ~ 106.0)
0.5%(-44.3 ~ 45.0)

TR P<0.05; 73R8 P<0.01; "R 7R P<0.001
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